A novel method is presented based on fuzzy hybrid-based features to classify strokes into 2D line drawings, and a human computer interactive system is developed for assisting designers in conceptual design stage. Fuzzy classifiers are built based on some geometric features and speed features. The prototype system can support rapid classification based on fuzzy classifiers, and the classified stroke is then fitted with a 2D geometry primitive which could be a line segment, polyline, circle, circular arc, ellipse, elliptical arc, hyperbola, and parabola. The human computer interaction can determine the ambiguous results and then revise the misrecognitions. The test results showed that the proposed method can support online freehand sketching based on conceptual design with no limitation on drawing sequence and direction while achieving a satisfactory interpretation rate.
Introduction
Sketching is an effective means of visualizing information, which can convey information and rapidly express creative ideas. Sketching plays a key role in conceptual design process, in which conceptual designers frequently use vague and imprecise geometry to convey information via 2D or 3D sketches. A computer aided conceptual design (CACD) system which is based on the CAD system for the conceptual design with a user friendly interface can permit the geometric specification of these sketches [1] and permit online freehand sketching input [2] [3] [4] . However, conceptual designers still would rather use paper and pencil than operating CAD systems for expression, communication, and recording of novel ideas [5] due to the nonuser friendly interface of the CAD systems [6] .
As part of CACD system, sketch recognition interface provides a paper-like interface for users to sketch their ideas [7] , and automatically recognize them into line drawing which can seamlessly enter into the computer aided detail design step. Two main methods have been developed to solve the challenges of freehand sketch recognition, that is, (i) gesture-based recognizers and (ii) geometric-based recognizers. The first method only interprets freehand sketches as twodimensional gestures by using some sketching constraints on the user. And the second method which focuses on the shapes rather than the gestures can interpret input stroke as geometrical shape [8] [9] [10] ; to date, this method has obtained more and more attentions [11] . However, these geometricbased recognizers, which just can recognize basic primitives by thresholds and heuristic hierarchies, are not enough for ambiguous sketches. This paper presents a novel method for classifying stroke into geometry primitive based on fuzzy hybrid features. The approach consists of three stages: (i) stroke preprocessing, (ii) fuzzy hybrid-based features classifying, and (iii) human computer interaction. A prototype system, Online Freehand Sketch Recognition (OFSR), was developed successfully. Compared with the other low-level fuzzy recognizers [8, 9] , this method displays three outstanding advantages: (i) it returns multiple interpretations when the freehand sketch is very ambiguous, (ii) it is much easier to correct the recognition errors when users find that the recognition result is not right, and (iii) it recognizes more primitives, for example, distinguishing circle from ellipse and circular/elliptical arc from open conic curve.
The paper structure is as follows: Section 2, which follows this introduction, summarizes the related works on online sketch classification models and methods; Section 3 demonstrates the method for classifying sketches; and Section 4 reports the implementation of the algorithm and shows some examples before the conclusion.
Related Works
Although more and more researchers reported the application of sketch in CAD modeling [12] [13] [14] [15] [16] [17] , these reports focused on the feature recognition by using primitive recognition techniques. The main methods in these reports can be classified into two categories, namely, gesture-based recognition and geometric-based recognition.
The gesture-based recognition method is an active research area in robotics as well as in human computer interaction community [18] . This method typically focuses on how a sketch was drawn rather than on what the final sketch actually looks like. The typical goal of this method is to take an input stroke and classify each one into a set of predefined gestures [19] . In 1991, Rubine [20] firstly proposed thirteen features which could be used to classify simple gestures with an accuracy of 98% on a fifteen-class gesture set when trained with at least fifteen examples per class by using pen-based gesture recognition. But it can only handle single stroke which must be drawn in a predetermined manner. Later, Long et al. [21] extended Rubine's features by decreasing two timebased features and increasing eleven new features. However, these two systems required strokes that are drawn in the same pattern. The ink features were presented in [22] . These feature sets were well designed, but they often troubled user because they need to be extracted by manual entry way. In a word, this approach used mathematical sound classifiers to produce fast classification along with normalized confidence value, but this method required individual training to give good recognition result. In addition, this method displays sensitivity to change in scale and rotation.
Due to the limitations of gesture-based recognition as described previously, a shift has occurred towards more geometric-based recognition [8] [9] [10] . For this reason, more and more single stroke recognition systems have been developed that do not use gesture-based approach but, rather, use geometric attributes to classify stroke in basic primitive [8] [9] [10] . This method has been used to describe shapes geometrically, focusing on what the sketch looks like and less on how it was actually drawn. This method includes two systems: (i) low-level system and (ii) high-level system.
In low-level system, the strokes are segmented into various primitives such as straight line and circle, which can be used to produce higher-level shapes. Yu and Cai [9] presented an alternative low-level sketch recognition. They introduced a feature area error metric and achieved near 98% accuracy. Sezgin et al. [8] reported an interesting work which focused on the low-level geometric descriptions by using scale space theory. They claimed that this theory looks like a promising way of detecting different scales inherent in the data and avoiding a priori judgments about the size of relevant features. The system was limited to only a few primitive shapes: lines, ellipses, and complex fits. For complex fits and vertex (corner) approximation, the authors reported an accuracy of 96%.
Typically, diagrams and sketches consist of symbols that are more complex than the primitives supported by these recognizers. Therefore, tools such as LADDER [23] have been created which allow users to describe higher-level symbols as a combination of lower level primitives meeting certain geometric constraints. UML diagrams, mechanical engineering diagrams, circuit diagrams, military course of action diagrams, and flow charts are all examples of various sketch systems that have been produced by using this shape definition language. However, it will be very difficult to define geometrical shape by using this method. Avola et al. [24] proposed a method to handle ambiguous strokes by introducing the spatial and temporal information that represent the user's sketching, editing, and overtracing process. This method allows users to sketch in free manner without any sketching constraints. However, their method just focused on the ambiguity interpretation of the few geometrical elements including point, polyline, and polygon. Furthermore, the recognition accuracy was not very high except for a specific domain.
Comparing gesture-based methods with geometricbased methods, because the latter recognize a stroke to an ideal primitive using geometric formula, it is more natural, where the user can be allowed to draw without interruption to ensure a continuous flow of ideas. However, some of the present geometric-based methods just consider the geometry features and just blend the speed features. Some of them adopt a set of related fixed thresholds and are short of human computer interaction for ambiguous results and revising misrecognition.
New Methods
The OFSR system for the sketch classification process is shown in Figure 1 . The geometry primitives (e.g., line segment, polyline, ellipse, etc.) can be recognized in the OFSR system. The classification method is based on four procedures, namely, (i) remove of redundant points in the stroke preprocessing, (ii) detection of shapes by using distinctive criteria that are based on hybrid features, (iii) determination of membership degree by using fuzzy logic to recognize primitives, and (iv) development of HCI tool for determining recognition results and revising misrecognition. Therefore, it allows recognition indeterminacy or error to be easily corrected or determined by the users through a simple click which could be used to switch to a human computer interaction.
Stroke
Preprocessing. In the OFSR system, a stroke is defined as a sequence of mouse positions which is obtained from pressing a button, moving the mouse while the button is still pressed, and releasing it. The split and merge algorithm of polygonal approximation is used to represent a stroke by an approximate polygon. The algorithm depends on a given threshold which is expressed by a measure function as described in [25] . Assuming a stroke is represented by a sequence of sampling points { = ( , , ); 0 ≤ ≤ }, where is the coordinate and time of the th point in the sampling list. The distance of any point ( , ) from the line segment consisting of two endpoints is
Advances The sign of can be used to compute the deflected times from line segment between the first point and the last point. The normalized maximum absolute error is = max
The stroke is represented initially as a line segment between the first and last points which were labeled as V 0 and V 1 , respectively (see Figure 2(a) ). The farthest point from the straight line (V 0 V 1 ) can be determined by (1) . If the normalized maximum error ( ) is above a threshold, then the initial stroke will be represented as a polyline (V 0 V 1 V 2 ), as shown in Figure 2(b) . Then, the splitting algorithm is used recursively to calculate both of the line segments
The splitting algorithm will terminate when the normalized maximum error ( ), for all sampling points along the polyline, is less than the threshold ( ).
In the stroke preprocessing step, a sequence of vertices {V ; 0 ≤ ≤ ≤ } with drawing position and time can be obtained. The vertices are linked orderly to create a polyline which can represent the stroke. The vertices and the polyline are defined as polygon vertices and an approximate polygon, respectively.
Fuzzy Feature Detection.
In order to solve the problems of imprecision and uncertainty when sketching by using the traditional method, in the OFSR system, fuzzy logic is used to determine the degree of membership for classifying strokes, which is a more natural method of handling ambiguities.
Fuzzy Logic.
The selection of fuzzy membership functions is a key step in this process, and the functions should meet two requirements: (i) reflecting users' intention correctly and precisely and (ii) high computational efficiency [26] . Three frequent triangular membership functions are shown in Figure 3 .
Consider
In this paper, a general membership function is defined as depicted in (3) with three scalar parameters , , and , which can, respectively, represent the special triangular membership functions 1 ( ), normal triangular 2 ( ), and 3 ( ), as shown in Figure 3 . These functions are shown in (4), respectively A stroke is classified by computing their degrees of membership. Each geometry primitive is defined by several fuzzy sets which do not have the same number of features for all primitives.
Fuzzy
Feature. In our OFSR system, each classified stroke will be fitted into a corresponding conic curve (see (5)) by least median squares method. The open/closed classifier is used, which was detailed in [11] to detect open or closed when the stroke is in the conic section. This method permits users to draw a stroke by any direction of rotation. A closed conic can be circle or ellipse; otherwise it can be circular arc, elliptical arc, hyperbola, and parabola. Consider (2) Fitting Error Detection. By employing least median squares method [15] to fit the polygon vertices of a stroke to a conic curve in (5), we can get a series of constructed functions of fitting error detection. The mean absolute error is calculated as follow:
Equation (7) is the standardized error measurement function with the stroke length :
= .
The measurement function of maximum absolute value is described as
The membership functions of the aforementioned measurement functions for standardized error and maximum absolute value can be constructed by triangular membership function.
(3) Subdivision of Conic Curve. When a stroke is classified as conic curve, OFSR system will determine the details deeply. The invariants of conic section are used to filter the detail categories. For example, I2 can be used to determine the stroke which belongs to ellipse, hyperbola, or parabola. If the stroke is ellipse type, it will be segmented into closed (ellipse, circle) and open (ellipse arc, arc) by the aforementioned open/closed detection.
Hybrid-Based Classifiers.
After drawing a new stroke, obtaining the polygon vertices by stroke preprocessing, a set of approximation features are calculated, such as first/last points, stroke length, enclosing rectangle of the stroke, and speed features. Each primitive employs various classifiers. Next, we exemplify how to develop hybrid-based classifiers for sketch recognition.
(1) Line-Segment Classifier. We classify line segment by comparing the length (ℎ) and its width ( ) of the minimum enclosure rectangle. The /ℎ ratio will have values near 0 for line segment and near 1 for other geometry primitives. It ascertains that very slim stroke should be recognized as line segment.
(2) Polyline Classifier. For the polyline classifier, the stroke is broken into sub-strokes by the polygon vertices. First, a least median squares line is fitted to sub-stroke sampling points. The orthogonal average distance (OAD) between the fitted line and the sub-stroke sampling points is calculated, which is similar to the [27] . Second, the sum of orthogonal average distances for every sub-stroke is divided by the stroke length, which is defined as the least median squares error for the polyline fitting which must be below a certain threshold . 
Classification with Human
Interaction. In our OFSR system, a human computer interactive dialog is developed for determining the ambiguous recognition result and revising misrecognition, as shown in Figure 4 . On the one hand, it is designed for resolving the indeterminacy by interaction with the users. In this OFSR system, whenever the fuzzy classifiers return more than one geometry primitive,in other word, whenever there are at least two values in all membership degree values close to 1, as a result, this OFSR system displays a dialog in which all possibilities are activated (see Figure 5 (a)), allowing the user to choose their intentions by themselves.
On the other hand, it is designed for correcting the error recognition result. If the user finds that the recognition result is not in accordance with their intentions, the wrong result can be corrected easily by moving the mouse near the stroke. The user just needs to the click right-hand button of the mouse to activate the dialog of human computer interaction, as shown in Figure 5 (b). This interactive method makes the stroke recognition easier and eliminates the need to redraw the sketch for the desired result.
Implementation and Examples
This OFSR system has been implemented on Windows XP by using Visual C++. This input sketch interface of OFSR system allows the user to sketch freely as though using pencil and paper. The input device is a computer mouse. The system interprets the strokes into geometry primitives, if the results are ambiguous, OFSR system will need the users to say the last word, as shown in Figure 5 (c).
This OFSR system has been tested in many fields such as 2D/3D engineering drawing, flow chart, and statistical diagram, and some examples of them are shown in Figure 6 .
The first column shows the original sketches in different colors to indicate the difference strokes; the second column gives the comparisons of input sketches and recognition results; the recognition results are shown in the third column, which has consisted of 2D line drawings. The results show that the OFSR system can interpret users' freehand single strokes into 2D line drawing correctly and effectively.
The OFSR system has been tested for 3D reconstruction from freehand sketches with several examples and some of them are shown in Figure 7 . Figure 7 Figure 7(e) is the recovered 3D model from the freehand sketches.
This system gives users greater freedom to quickly specify 2D/3D geometry through 2D drawing and can encourage users with poor sketching skills to use it for a creative design task. Table 1 gives the statistical result of freehand sketch recognition. It can be inferred from the statistical data, before the human computer interaction, that recognition rates are all more than 97% except for hyperbolas and parabolas. The recognition rate can receive apparent improvement after the human computer interaction, especially the hyperbolas and parabolas. 
Conclusion
This paper presents a novel stroke fuzzy classification method based on hybrid features to interpret sketches into line drawing for low-level recognition, which is aimed to enable the user to use it easily and intuitively. The OFSR system developed is capable of classifying eight primitive shapes including line segment, polyline, circle, circular arc, ellipse, elliptical arc, hyperbola, and parabola. The proposed method is suitable for online freehand sketching. It can easily correct the recognition errors and determining the recognition result by activating a dialog of human computer interaction. Furthermore, through the integration of our researches into the high-level sketch recognition system, we are developing interpretations system for fitting overtraced strokes [27] . The work presented here is only a part of our final sketchedbased 3D modeling system. The future work is to improve the endpoint clustering method and reconstruct a 2D line drawing to 3D model.
